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Summary
According to European Directive 2002/49/CE, EU state members had to compile a strategic noise map no later
than 30 June 2007 and a corresponding action plan no later than 18 July 2008 for all agglomerations with more
than 250,000 inhabitants and for all major airports, roads and railways. A study on environmental noise was thus
conducted for the city of Palma de Mallorca (Spain) using a commercial noise prediction package. The noise
level assessment reveals a troublesome situation that requires an urgent noise action plan. In this report, various
noise mitigation measures are analysed considering not only the reduction of noise and the number of people that
can beneﬁt from these measures, but also the net monetary beneﬁts generated. Given the possible options, it is
clear that to achieve the best long-term solution, global noise abatement measures (i.e., traﬃc management) and
local measures (i.e., noise screens) should be combined.
PACS no. 4350.Lj, 43.50.Qp, 43.50.Rq, 43.50.Sr
1. Introduction
The recent concern with noise pollution is mainly due to
the growing number of people exposed to high noise lev-
els. Studies [1, 2] have estimated that more than 44% of
European citizens of EU27 in 2000, or about 210 mil-
lion of people, were exposed to road traﬃc noise with an
equivalent total sound pressure level (L
DEN
) exceeding
55 dBA.
It is necessary to start from the deﬁnition of “health”
to better understand the eﬀects of environmental noise on
the population. The WHO states that: “health is a state of
complete physical, mental and social well-being and not
merely the absence of disease or inﬁrmity” [3].
Therefore, a very noisy place could be detrimental to
the quality of life and generate negative eﬀects on human
health. In fact, exposure to high noise levels – depending
on physical and time features, such as the intensity and fre-
quency composition – may cause not only auditory eﬀects,
such as hearing impairment, but also non-auditory eﬀects,
such as sleep disturbance, annoyance, mental illness, and
problems with speech intelligibility, physical functioning
and performance [4].
In fact, a recent study [5] demonstrated that road traﬃc
noise exceeding 65 dBA during the day time increases the
risk of heart attacks in men by 20%.
Furthermore, sleep disturbances caused by traﬃc noise
may induce primary eﬀects during sleep and secondary ef-
fects during the day after night-time noise exposure. Since
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uninterrupted sleep is a prerequisite for good mental and
physical functioning, the primary eﬀects of sleep distur-
bance are diﬃculty in falling asleep, interruptions and al-
terations of sleep stages or depth, increased blood pres-
sure and heart rate, vasoconstriction, changes in respira-
tion, cardiac arrhythmia and increased body movements.
The secondary eﬀects are reduced perceived sleep quality,
increased fatigue, depression and decreased performance
[6, 7].
Apart from these motives to reduce the amount of envi-
ronmental noise, the total external cost of noise gives rise
to another and more comprehensive motive. International
studies [1, 2] have examined the external cost of noise, and
the estimates give a value of 45644 million Euros, or about
0.4% of the GDP of EU17 in 2000. However, the problem
seems to be accelerating. In fact, from 1995 to 2000, a
25% increase in the cost of external noise has been esti-
mated [2].
As a response to all these negative eﬀects, the commis-
sion of the European community issued Directive 2002/
49/CE [8]. With this legislative instrument, EU states
sought to develop a common strategy to reduce noise pol-
lution. The EU state members were required to compile
a strategic noise map by no later than 30 June 2007 and
corresponding action plans by no later than 18 July 2008
for all agglomerations with more than 250,000 inhabi-
tants and for all major airports, roads and railways. The
Directive recommends using harmonised noise indicators
L
night
(night equivalent noise rating level) andL
DEN
(day-
evening-night equivalent noise rating level). The equation
given in the directive reads:
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and the directive continues: in which
• L
day
is the A-weighted long-term average sound level
as deﬁned in ISO 1996-2 [9], determined over all the
day periods of a year;
• L
evening
is the A-weighted long-term average sound
level as deﬁned in ISO 1996-2 [10], determined over
all the evening periods of a year;
• L
night
is the A-weighted long-term average sound level
as deﬁned in ISO 1996-2: 1987, determined over all the
night periods of a year.
The default values for the day, evening and night time pe-
riods are 07:00 to 19:00, 19:00 to 23:00 and 23:00 to 07:00
respectively [8].
The purpose of this work is to analyse possible noise
mitigation solutions in a study area located in Palma de
Mallorca, Spain. In particular, we consider not only the
reduction of noise levels and the number of people that
can beneﬁt from this reduction, but also an overall cost-
beneﬁt analysis. This could be a very useful instrument in
decision-making progress because it helps to ﬁnd the best
long-term strategy and, furthermore, it ranks the mitiga-
tion measures.
2. Road traﬃc noise mapping: case study
The study area (Figure 1,bottom) is a part of Palma (Fig-
ure 1,middle), a major city and port located on the Span-
ish island of Mallorca (Figure 1,top) in the Mediterranean
Sea, with more than 400,000 inhabitants. The case study
has an area of approximately 3.7 km
2
with a population
of 89,875 inhabitants. This study is based on a noise-
mapping project [11] for the entire city of Palma de Mal-
lorca that was previously elaborated by the Instrumenta-
tion and Applied Acoustic Research Group (I2A2) from
Technical University of Madrid (UPM).
The noise maps were created with the commercial noise
prediction package CadnaA. By assessing noise levels
with simulations it is easier to evaluate possible mitigation
plans and specify the diﬀerent noise sources. Among all
the calculation methods that CadnaA can handle, NMPB-
Routes 96 [12, 13] was implemented since it was recom-
mended by the European Commission to model road traﬃc
noise [8].
The quality of a noise map is related to the accuracy of
the input data [14, 15]. Thus, great attention must be paid
in this step of the noise-mapping process.
All the input data used in this work were provided by the
Palma City Council in the Geographic Information Sys-
tem (GIS) form. The digital terrain model was deﬁned by
435 polylines with 1m resolution and a range from 1 to
34m above sea level. The geometry information for the
Figure 1. Top: Location of Mallorca island. Middle: Location of
Palma de Mallorca. Bottom: District case study in Palma de Mal-
lorca.
city’s buildings was composed of 1235 polygons, and traf-
ﬁc data were provided in 1073 line segments, each repre-
senting the centreline of a road. In particular, the data for
the traﬃc composition, ﬂow and speed were given sep-
arately, depending on the weight (heavy and light) and
the time period (day, evening and night). Annual meteo-
rological information was provided by the Agencia estatal
de meteorología (AEMET), and the population was calcu-
lated from the density of inhabitants of the diﬀerent land
use areas.
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The model lacked suﬃcient traﬃc data and several as-
sumptions were made for the missing input data by using
the “Good Practice Guide for Strategic NoiseMapping and
the Production of Associated Data on Noise Exposure”, as
assigning default traﬃc values to dead-end-roads [16]. As-
signing road types was done according to data provided by
the Palma City Council, and adjusting it to diﬀerent rec-
ommendations [16, 17, 18]. These recommendations may
diﬀer from the real circumstances existing in Palma de
Mallorca. However, this general classiﬁcation appeared to
match the circumstances actually examined: “A” (Speed-
way), “B” (Highway) and “C” (Urban road).
2.1. Model validation
The simulation was veriﬁed to give feedback on the as-
sumptions used in the model [19]. It is evident that if a
noise map is found to be inaccurate, then any correspond-
ing action plan should be brought into question.
A series of continuous samples during 10 days were
measured at 4 locations in the study area (Figure 2). Many
studies [19, 20] have shown that this sampling technique
can properly establish the noise level average over a year.
All the measurements were carried out following the in-
ternational references related to methodology, distances,
precision, traceability and quality control [21, 22, 23, 24].
Furthermore, the locations of the measurements are rep-
resentative of the diﬀerent noise conditions taken into ac-
count the traﬃc data available for each road category, af-
ter the road categorization establishment [25, 17, 18]. All
the locations were detailed chosen to measure mainly traf-
ﬁc noise at adjacent points to the diﬀerent road categories
with existing real traﬃc data.
Table I shows that all the deviations between the mea-
sured and calculated results are smaller than 2.2 dBA. In
a recent study using a similar model, a simulation uncer-
tainty [26] was estimated after carrying out an uncertainty
analysis for the input data [27].
Analysing the uncertainty graphic (Figure 3), it is ob-
served an overall uncertainty of ±2.0 dB with a cover fac-
tor k = 2 and conﬁdence level of 95.45% [28], thus the
model is valid and properly represents the environmental
noise of the study area [29, 30].
2.2. Noise level calculations
As recommended by the Directive, the EU state members
must create maps showing the value of the noise indica-
tors (L
DEN
and L
night
) at a height of 4m and estimate the
number of people exposed to the noise in these areas.
To create maps showing the values of the noise indi-
cators, we constructed a grid of receptors spaced at 20m
at the recommended height (Figure 4). The estimation of
people exposed to noise levels was carried out by distribut-
ing the receivers according to the German method [31]
(Figure 5) and by associating an entire building’s popula-
tion with its maximum estimated noise level. Although this
is not the method recommended by the European Commis-
sion [8], it is supposed to be the best estimation method
[32].
Figure 2. Measurement sample locations.
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Figure 3. Uncertainty analysis.
2.3. Results of the simulations
As expected, the noise maps (Figure 6 and 7) show that
the highest noise levels are found near the main roads and
the highway.
About 99% of population is exposed to total noise lev-
els (L
DEN
) exceeding 55 dBA (Figure 8), and this situa-
tion does not improve at night (Figure 9). In fact, 99.9%
of the population is exposed to night noise levels (L
night
)
exceeding 50 dBA.
The World Health Organization considers these values
potentially harmful for human health [4, 33]. The Span-
ish legislation deﬁnes also an acoustic quality objective
of 55 dBA for L
night
in existing urban areas [34]. There-
fore, it is evident that an action plan is necessary to re-
duce the number of inhabitants exposed to these undesired
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Table I. Noise measurement data and calculation results [dBA] after calibration.
Simulated Measured Simulated-Measured
L
day
L
evening
L
night
L
DEN
L
day
L
evening
L
night
L
DEN
L
day
L
evening
L
night
L
DEN
1 71.6 70.7 65.7 74.1 70.3 69.4 64.1 72.7 1.3 1.3 1.6 1.4
2 64.8 64.6 59.5 67.8 66.5 65.2 59.9 68.6 -1.7 -0.6 -0.4 -0.8
3 66.1 65.4 59.2 68.2 68.1 66.6 60.8 69.8 -2.0 -1.2 -1.6 -1.6
4 70.8 70.7 65.7 73.9 68.8 68.5 63.9 72.0 2.0 2.2 1.8 1.9
Figure 4. Grid evaluation.
Figure 5. Façade building evaluation.
noise levels. The current noise map will be referred to as
scenario 0 below.
3. Noise action plan
3.1. Methodology
Many studies and articles [35, 36, 37] show that the most
eﬀective and also the most cost-eﬀective measure is to
reduce or to avoid noise at its source via strategies such
as road traﬃc management, traﬃc calming, and low-noise
tires. Sometimes these global measures may not solve the
problem completely, leaving a signiﬁcant percentage of
the population exposed to very high noise levels. There-
fore, we can combine global actions with local actions,
Figure 6. Road traﬃc noise map for L
DEN
.
such as noise screening. The aim of noise screens or bar-
riers is to reduce the propagation of noise as close as pos-
sible to the noise source. If it is not possible to use this
source based local measure, it is necessary to consider
measures at the receptor such as sound insulation.
In this study only measures concerned with the source
or with the propagation of noise are considered as sug-
gested to be the ﬁrst and best solution to carry out [37].
3.2. Proposed measures
The area studied here can be split in two parts depend-
ing on local characteristics. The ﬁrst part is the centre of
the city (Figure 10), where the road traﬃc is composed of
up to 10% of heavy vehicles (HVs), the maximum vehi-
cle speed is around 50 km/h and the maximum daily total
number of vehicles is about 46,000. On the other hand, the
highway (Figure 11) has up to 15% HVs, the maximum
vehicle speed is around 90 km/h and the maximum daily
total number of vehicles is about 140,000.
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Figure 7. Road traﬃc noise map for L
night
.
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Figure 10. 2D and 3D views of the centre of the city.
Given the features of the noise sources in the diﬀerent
areas, the following solutions were proposed:
• in the centre of the city, global measures should include
the reduction of road traﬃc volume and a local measure
should be the construction of a tunnel;
• on the highway, global measures should include a re-
duced cruising speed and a local measure could be a
noise screen.
3.3. Tackling noise: possible scenarios
In order to assess the impact of the proposed measures on
the noise levels, a total of four scenarios were analysed.
These scenarios were created by combining the possible
solutions mentioned above. Scenarios analysed were:
1. a 50% reduction of HVs at the city’s centre and a speed
reduction (from 90 to 70 km/h) on the highway;
2. a 50% reduction of all vehicles at the city’s centre and
speed reduction (from 90 to 60 km/h) of HVs and a
speed reduction of light vehicles (from 90 to 70 km/h)
on the highway;
3. a 75% reduction of HVs and 50% of light vehicles at the
city’s centre, a speed reduction (from 90 to 60 km/h) of
HVs, a speed reduction of light vehicles (from 90 to
70 km/h) and noise barriers on the highway;
4. tunnels and noise barriers.
Note that the noise reduction estimation not only refers to
the reduction of the noise level, but it also estimates the
number of people that beneﬁt from the noise reduction.
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Figure 11. 2D and 3D views of the highway.
3.3.1. Scenario 1
At the centre of the city, we considered a 50% reduction
in HVs. This can be achieved with the alternate number
plate action, which has already been done in many Ital-
ian cities like Verona, Milano, Trento, Palermo, and Roma
[38]. This measure usually serves other objectives as well,
such as improving road safety and air quality, and it may
raise noise awareness since drivers need to optimise ev-
ery journey into the city to comply with the restriction. It
is notable that this measure is only eﬀective in terms of
noise reduction if speeds are kept low and driving patterns
do not change in a negative way [37].
For the highway we propose reducing a vehicle’s speed
from 90 to 70 km/h, which can be achieved with vari-
able signs for posting speed limits and informing drivers
of their speed [37]. One side eﬀect of this change is that it
would raise a driver’s awareness of the current or changed
speed limit, thus causing more drivers to observe the limit
[39]. Other ways to control drivers’ speeds include au-
tomatic traﬃc control and police enforcement. In many
cities, such as Barcelona [40], Bristol, Munich [41], Glas-
gow, Edinburgh, Leicester [42], speed reduction has al-
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Figure 12. The percentage of people that beneﬁt from the noise
reduction in the scenario 1.
ready been considered as a possible solution to noise pol-
lution. In general, reducing the speed limit will also con-
tribute to road safety and improve the air quality. Note that
the drivers should decrease their speeds without changing
to a lower gear, which could increase noise levels.
In Scenario 1, noise levels are reduced up to 2 dBA (Fig-
ure 12). The diﬀerence between day-evening-night levels
is explained by the diﬀerence in the percentage of HVs, as
the number of HVs decreases during the day.
3.3.2. Scenario 2
Although heavy vehicles comprise only a small percentage
of the total traﬃc volume (up to 10% in main roads), these
vehicles have a great impact on noise pollution [41, 36,
16, 43, 44]. At the centre of the city we considered a 50%
reduction in all type of vehicles to verify this conclusion.
A possible way to implement this measure is the alternate
number plate method.
For the highway we considered reducing the speed from
90 to 70 km/h for light vehicles and reducing the speed
from 90 to 60 km/h for heavy vehicles. This measure can
be achieved via interactive speed signs, automatic traﬃc
control and police enforcement [39].
In the Scenario 2 noise levels are reduced up to 3–4 dBA
(Figure 13). There is only a little diﬀerence between day-
evening-night noise levels, because the diﬀerent restric-
tions for light and heavy vehicles are applied on the high-
way.
3.3.3. Scenario 3
Scenario 2 highlights the great impact of HVs on noise
pollution, because the 50% reduction of the light vehicles,
which compose 90% of the total traﬃc volume, only dou-
bles the noise reduction. Therefore, in this case we con-
sidered a 75% reduction of HVs and a 50% reduction of
light vehicles at the city’s centre. These measures can be
achieved with the alternate number plate restriction for
light vehicles and permission limits for HVs. For the HVs,
the driver must supply the registration number of the truck
as well as details of the destination and the number of stops
required; the aim of this strategy is to ensure that permits
are only issued to vehicles with a legitimate need to travel
to the centre of the city and to enable careful monitoring
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Table II. Noise Barriers description.
Barrier Length [m] Height [m] Top of barrier
1 218 4 Cantilever (1m H, 1m V)
2 940 4 Cantilever (1m H, 1m V)
3 295 4 Cantilever (1m H, 1m V)
4 70 4 Cantilever (1m H, 1m V)
of the numbers and use of permits being issued. A similar
measure has been already carried out in Dublin [45]. Of
course, this restriction should be analyzed in detail as the
situation diﬀers in a small island as Palma compared to the
case studied in Dublin. So, this 75% reduction of HVs is
for illustrative purposes.
Global measures like those implemented in scenario
2, decrease the number of individuals exposed to very
high noise levels by a large amount, but the noise pol-
lution problem is not solved in the area near the high-
way. Therefore, for this third scenario we added the local
measure of requiring noise screens to the global measures
for instances where the building façade total noise levels
(L
DEN
) exceed 75 dBA. Noise barriers can have signiﬁ-
cant impact on noise abatement. Unlike a sound insulated
window, they also oﬀer noise protection for outside ar-
eas like balconies and gardens. However, note that noise
screens aﬀect the visual aesthetics of the area and they can
block air ﬂow, which might negatively impact the local air
quality [46].
We propose cantilevered noise barriers (Table II) be-
cause it is the simplest solution to the problem of reducing
barrier height, as the top section of this type of barrier is
angled towards the traﬃc. This enables the diﬀracting edge
of the barrier to be placed considerably closer to the source
of the noise than in the case of a vertical barrier [47]. The
height of the barrier was optimised to achieve a reasonable
noise level (4m).
Furthermore, we propose building the barriers with re-
ﬂective material as the reﬂected sound that can reach the
buildings on the other side of the highway is negligible
[48].
In Scenario 3 the noise levels are reduced up to 5 dBA.
The diﬀerence between day-evening-night levels can be
explained by the various activities of HVs for these dif-
ferent times, as the number of HVs decreases during the
day. Note that the noise reduction is over 8 dBA as a result
of the noise barriers and it concerns about 0.6 % of the
population (Figure 14). To calculate the new noise levels
with noise barriers, also VBEB method was used to assure
a good estimation of the new population exposed to those
noise levels.
3.3.4. Scenario 4
Although scenario 3 decreases the number of individuals
exposed to high noise levels by a large amount, people are
still exposed to very high noise levels near the main roads.
A further reduction in heavy vehicles beyond 75% seems
unrealistic; therefore, possible options include local mea-
sures like noise barriers or tunnels. Using noise barriers is
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 >
8
i
n
h
a
b
i
t
a
n
t
s
[
%
]
noise level reduction [dBA]
Lday (7-19)
Levening (19-23)
Lnight (23-7)
Lden
Figure 13. The percentage of people that beneﬁt from the noise
reduction in the scenario 2.
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Figure 14. The percentage of people that beneﬁt from the noise
reduction in the scenario 3.
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 >
8
i
n
h
a
b
i
t
a
n
t
s
[
%
]
noise level reduction [dBA]
Lday (7-19)
Levening (19-23)
Lnight (23-7)
Lden
Figure 15. The percentage of people that beneﬁt from the noise
reduction in the scenario 4.
obviously unfeasible at the centre of the city because they
are not aesthetic and they may cause security problems
[37]. The use of tunnels can improve air quality and they
can motivate environmental requaliﬁcation [37], therefore
two tunnels were simulated on scenario 4. Tunnels details
can be observed in Figure 16a.
For the highway, we only considered using noise barri-
ers since reducing the speed limit from 90 to 70 km/h only
decreases the total noise levels by a maximum of 2 dBA
(Figure 12).
It is notable that only 13% of the total population ben-
eﬁts from a reduction in noise levels greater than 8 dBA,
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(a)
(b)
Figure 16. a. Noise barriers and tunnels simulated in scenario 4.
b. The reduction of the total noise levels (L
DEN
) in scenario 4.
while the majority of the people (about 40%) experience a
reduction in noise levels lower than 1 dBA (Figure 15). In
particular, for the main roads the tunnels reduce the noise
levels up to 30 dBA and for the highway the noise screens
decrease noise levels by up to 15 dBA (Figure 16). These
results indicate that although scenario 4 is based on several
local measures, it can decrease number of people exposed
to the highest noise levels.
3.4. Comparing scenarios
To ﬁnd out the best strategy all the scenarios are compared
to scenario 0 (Figure 17). Note that a negative percent-
age implies a reduction of population exposed to that noise
level while a positive variation implies an increase. There-
fore, beneﬁts of each scenario can be evaluated and quan-
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Figure 17. The change in the portion of the population exposed
to high noise levels (L
DEN
) compared to scenario 0.
tiﬁed in terms of percentage of people exposed to certain
noise levels.
All of the scenarios decrease the number of people ex-
posed to the highest noise levels and increase them at
lower noise levels (Figure 17). In particular, the results
show that:
• global measures (Scenarios 2) reduce the portion of in-
habitants exposed to levels exceeding 65 dBA by 23%;
• global and local measures (Scenario 3) cause a 31%
reduction in the portion of the population exposed to
levels exceeding 65 dBA. A bigger portion of the peo-
ple (11%) experience a reduction in noise levels higher
than 75 dBA in Scenario 3 compared to Scenario 2.
• local measures (Scenario 4) give a 19% reduction in the
portion of inhabitants exposed to noise levels exceeding
70 dBA. A bigger portion of the people (12 %) experi-
ence a reduction in noise levels higher than 75 dBA in
Scenario 4 compared to Scenario 3.
4. Cost-beneﬁt analysis
The Working Group on Health and Socio-Economic As-
pects states that it is possible to develop a proper noise ac-
tion plan with a well-conducted cost-beneﬁt analysis. This
type of analysis can help to prioritise noise reduction plans
so as to ensure that limited funds produce the best eﬀect.
This group produced a position paper on road transporta-
tion that recommends that households spend Ă25 per dB
(L
DEN
) on noise reduction, per household per year. The
range of the validity of this value is between 50/55 L
DEN
and 70/75 L
DEN
, and it should be adjusted as soon as new
research on this topic becomes available [49].
This value was estimated using two diﬀerent methods to
evaluate the beneﬁts of noise reduction. The ﬁrst method
(Stated Preference) refers to the people’s willingness to
pay to reduce their noise exposure. The second method
(Hedonic pricing) is based on price diﬀerences in the
housing market that result from traﬃc noise. It is notable
that these methods are likely to represent only a reasonable
valuation of the perceived noise eﬀects. This value might
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Table III. Cost-beneﬁt analysis of the diﬀerent scenarios.
Scenario Beneﬁts[C/year] Construction costs [C]
1 635,617 43,160
2 1,853,108 43,160
3 2,821,076 2,221,560
4 1,791,512 14,897,850
represent a lower bound, as an extra element for unper-
ceived impacts needs to be added in order to better repre-
sent the beneﬁts generated from noise reduction [49].
Many European price lists [48, 50] were consulted to
estimate the overall cost of the diﬀerent measures of noise
mitigation. We only considered the direct costs of imple-
mentation, disregarding the maintenance and the indirect
and hidden costs. In particular, the construction costs in-
clude (Table III):
• static signs for the alternate number plate action, static
and interactive speed signs for the speed reduction and
labour costs for the implementation (Scenario 1 and 2);
• static signs for the alternate number plate action, static
and interactive speed signs for the speed reduction, re-
ﬂective noise barriers and labour costs for the imple-
mentation (Scenario 3);
• tunnels, reﬂective noise barriers and labour costs for the
implementation (Scenario 4).
According to Table III, three out of four scenarios pro-
duce annual beneﬁts that are higher than the costs to con-
struct noise mitigation devices (although maintenance and
indirect costs have not been taken into account). For sce-
narios 1, 2 and 3, the diﬀerence between these two values
is large enough to support the proposed noise mitigation
plan even considering the possible errors generated from
the assumptions used.
In particular, Table III shows that:
• global measures (Scenarios 1 and 2) are the cheapest
options;
• global-local measures (Scenario 3) produce annual ben-
eﬁts higher than the construction costs;
• local measures (Scenario 4) are used in the only option
that presents a construction cost that is higher than the
annual beneﬁts.
The problem now is to determine whether it is better that a
large number of people beneﬁt from a lower noise reduc-
tion (Scenario 1 and 2), or if it is better that a lower num-
ber of people beneﬁt from a higher noise reduction (Sce-
nario 4). For the best long-term solution, these two meth-
ods should not be considered separately, but they should
be combined (Scenario 3). This conclusion is supported
by a temporal analysis of the net monetary beneﬁts (Fig-
ure 18), which considers only the construction costs (in
the ﬁrst year) and the annual beneﬁts (Table III). In this
case, we considered 5 year period of analysis, as required
by the END for noise action plan [8]. It is important to
note that the omission of maintenance, indirect and hidden
costs could have a material impact upon the assessment;
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Figure 18. Net monetary beneﬁts of the diﬀerent scenarios over
a ﬁve year period.
although several noise reduction actions as speed reduc-
tion and reduction in both light and heavy vehicles imply
low implementation and maintenance costs [51].
Over this period of time, the choice of the best action
plan is diﬀerent than over a single year. In fact, while sce-
nario 2 (global measures) presents an immediate monetary
beneﬁt, especially because of the low initial costs of miti-
gation, from the third year on scenario 3 (global and local
measures) is the best choice (Figure 18). Therefore, it is
evident that a long-term period must be considered in or-
der to better understand the eﬀects of a given noise action
plan.
5. Conclusion
The results of this study reveal that the noise levels deﬁned
by WHO are widely exceeded in the study area: the city of
Palma de Mallorca. It is clear that measures to mitigate
noise pollution are needed.
The proposed solutions have shown that it is possible to
greatly reduce the number of people exposed to harmful
noise levels with global measures like traﬃc management
(Scenario 1 and 2). Furthermore, as shown by the cost–
beneﬁt analysis, global solutions are cheaper than local so-
lutions (Table III). Another advantage to global solutions
is increased public awareness. As a matter of fact, global
measures like alternative number plate or permission limit
systems for HVs, with a corresponding explanation for the
reasons of implementation, can develop noise awareness.
These strategies force people to think about noise prob-
lems, since they have to optimise every journey into the
city to comply with the restrictions [37].
Occasionally, global measures may not completely
solve the problem, leaving some groups of people exposed
to very high noise levels. In these cases, we should com-
bine global actions with local actions like noise screening.
Although this option is quite expensive, it can produce the
highest net positive monetary beneﬁts over a long-term pe-
riod (Scenario 3). We should take care when implementing
local measures because they can quickly increase the cost
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of construction without an equally large beneﬁt, as shown
by scenario 4 (Figure 18).
In particular, the diﬀerent scenarios indicate the inﬂu-
ence of heavy vehicles on environmental noise in urban
areas. In scenario 1, the 50% reduction in HVs, which con-
sist of a maximum of 10% of all traﬃc volume, decreases
noise levels by up to 2 dBA, whereas a 50% reduction of
all the vehicles decreases the noise by up to 3 dBA (Sce-
nario 2). Therefore, traﬃc plans that directly aﬀect HVs,
such as a permit limit system, should take priority. It is no-
table that this measure is only eﬀective in terms of noise
reduction if speeds are kept low and driving patterns do not
change in a negative way, because HV reduction could im-
ply an increase of light vehicle mean speed [37]. After that,
the reduction in light vehicles is the most important miti-
gation option, while decreasing speed limits only slightly
reduces noise levels (Figure 12).
Regarding local measures, tunnels are the most eﬀective
noise reduction measure. In this study, it was estimated
that noise is reduced by 30 dBA near the tunnels. Another
option is a noise screen, which, according to this study,
yields a reduction of up to 15 dBA (Figure 16).
Some measures designed to tackle the noise problem in-
terfere with other objectives, such as road safety, energy
consumption, air quality and congestion. All these eﬀects
must be taken into account to assess a holistic noise ac-
tion plan. Research is needed to evaluate the monetary
beneﬁts of these secondary eﬀects; such a study could
greatly help the decision makers prioritise the diﬀerent
noise mitigation plans available. For example: Access re-
striction may of course be expensive to implement because
of other measures that have to be taken, as new parking
lots, public transport and system to enforce the restriction.
On the other hand the measure is extremely eﬃcient, as
its eﬃciency depends on to what extent the restrictions
are taken. If you completely eliminate the traﬃc you ob-
viously also completely eliminate the traﬃc noise [52].
Anyway, to carry out a holistic environmental impact as-
sessment, almost all Internal Stakeholders should be in-
volved as: Transport planning; Road maintenance; Urban
planning; Air quality; Health; Land use planning; Urban
renewal; Municipal waste; Management and Local police
[37].
As stated above, noise pollution is growing and it is
causing more harmful eﬀects on human health. There-
fore, noise problems should be studied further to develop
a holistic environmental impact assessment, as they imply
also environmental improvements such as less emission of
air pollution [52].
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